INTRODUCTION
============

Ambient nondestructive topographic and chemical measurements of nanoscale materials and supramolecular structures are essential in research, development, and manufacturing in a variety of fields, including microelectronics, composite materials, nanotechnology, and life sciences. For example, supramolecular self-assembly of block copolymer (BCP) films is a promising method to extend nanofabrication beyond the limits of optical lithography, readily producing periodic structures with periods of 10 to 100 nm ([@R1]); to advance this class of materials, there is a pressing need for an analytical technique with a high degree of chemical specificity and spatial resolution. Direct spatiochemical imaging of the specific domains and defect structures in self-assembled BCP patterns will provide valuable information about the materials, process, and pattern quality ([@R2]). Current investigations in real space are based on electron microscopy (EM) techniques, atomic force microscopy (AFM), and near-field optics, all with limitations.

Recent EM-based spectroscopic advancements with energy-filtered transmission EM ([@R3]) can provide limited information for the identification of BCPs by inference with atomic *Z* contrast. For typical EM studies, selective staining ([@R4]), etching, or infiltration ([@R5], [@R6]) of another compound inside one of the polymer constituents is used to further enhance the imaging contrast. However, such infiltration, staining techniques, or partial etching may alter or distort domain shape and/or boundary profiles ([@R7]). Even in systems where sufficient imaging contrast is available, electron beam damage caused during imaging may adversely affect the sample's characterization.

Optical spectroscopy provides the most promising noninvasive method to probe the chemical structure of BCPs. In particular, Fourier transform infrared (FTIR) spectroscopy provides noninvasive chemical-specific spectra for organic materials such as BCPs. The spatial resolution of traditional FTIR techniques is diffraction-limited, unable to resolve the fine BCP patterns. Recent advances in tip-enhanced scanning near-field optical imaging demonstrate the potential to extend spectroscopic imaging resolutions into the sub--10-nm range by combining optical spectroscopy with AFM ([@R8]--[@R10]). Examples of tip-enhanced near-field vibrational spectroscopy include tip-enhanced Raman scattering (TERS) ([@R11]--[@R13]) and infrared-scattering scanning near-field optical microscopy (IR s-SNOM) techniques ([@R14]--[@R16]). A general challenge for tip-enhanced measurements is the overwhelming background signal generated by the far-field scattered photons from the region surrounding the tip apex. With TERS, the lack of imaging probes that reliably enhance the near-field Raman scattering compared to the far-field scattering has held back its wide adoption, despite its promise ([@R17]). Furthermore, polymer blends and BCP systems do not lend themselves to resonant Raman enhancements, requiring long signal integration times ([@R18]). For IR s-SNOM, interferometry-based detection methods can provide effective background suppression ([@R10], [@R15]). The IR s-SNOM images of relatively large self-assembled patterns (\~80-nm pitch) of poly(styrene-*b*-methyl methacrylate) (PS-*b*-PMMA) BCP have demonstrated contrast between the two-block components by using the poly(methyl methacrylate) (PMMA) absorption band at 1733 cm^−1^ ([@R16]).

Another approach to achieve nanoscale absorption spectroscopy is to measure the thermal expansion of the sample caused by the photoabsorption locally via AFM. This technique, called photoexpansion (or photothermal) microscopy, uses contact-mode AFM to measure the expansion of the sample due to mid-IR laser absorption that is modulated at the cantilever's contact mechanical resonance ([@R19]). Although the typical spatial resolution of photothermal microscopy is on the order of 100 nm ([@R20]), a spatial resolution of about 20 nm was recently demonstrated by imaging a 2-nm-thick monolayer of self-assembled molecules on a gold surface, by taking advantage of the electromagnetic enhancement of the optical field intensity in the nanogap between a sharp gold-coated AFM tip and a gold-coated substrate ([@R21]). The resolution, sensitivity, and extendibility of this method may be limited by frictional forces that arise when operating in hard contact with the sample surface, particularly on soft samples; the low quality factor (*Q* \~ 100) that results from operating in hard contact ([@R22]); and the need for optical enhancement via specific substrate materials and ultrathin sample films to resolve features at the \~20-nm scale.

Recognizing that the dipole-dipole interaction, which creates the near-field scattered photons in s-SNOM, should generate measurable attractive force, Rajapaksa *et al*. demonstrated mechanical detection of molecular resonance. The technique, now called photoinduced force microscopy (PiFM), can measure both linear ([@R23]) and nonlinear ([@R24]) sample polarizability by detecting the force gradient between the interaction of the optically driven molecular dipole and its mirror image dipole in a metal-coated AFM tip. This near-field excitation and near-field detection (as opposed to near-field excitation and far-field detection in other tip-enhanced near-field optical microscopy techniques described earlier) allow the detection of near-field optical response with no far-field background contribution ([@R23]--[@R26]). The use of dynamic AFM (also known as tapping mode or noncontact AFM) provides good sensitivity due to the high quality factor (*Q* \~ 600) of the cantilever and minimal tip-sample interaction, making it ideal for soft matter such as BCPs. Here, we present infrared PiFM (IR PiFM) results in the molecular fingerprint region of the spectrum, demonstrating high spatial resolution and a true chemical specificity by separately resolving and positively identifying each domain in self-assembled patterns of two different BCP systems with \~40-nm pitch.

Theory of photoinduced force
----------------------------

The photoinduced force is the result of a dipole-dipole force attraction between the imaging tip and the sample when illuminated with a monochromatic, coherent light source. Considering a system of two polarizable spheres, the time-averaged photoinduced force was described by Dholakia and Zemánek ([@R27]) and by Arias-González and Nieto-Vesperinas ([@R28]) as$$\left\langle \mathit{F} \right\rangle \propto \mathit{R}\mathit{e}\left\{ \left. \sum{}_{\mathit{i}} \right.\mathit{P}_{\mathit{i}}^{*}(\mathit{r})\nabla\mathit{E}_{\mathit{i}}(\mathit{r}) \right\}$$where *i* = *x*, *y*, *z*; *P*\* (*r*) describes the optically induced polarization of the tip; and ∇*E* (*r*) is the gradient of the optical electric field in the vicinity of the tip, influenced by the polarization of the sample. This polarization-induced force can be expressed as the sum of a localized force *F*~loc~, which is dependent on the tip-sample distance, and a nonlocalized force *F*~nloc~, which is independent of the tip-sample distance at the nanoscale ([@R27], [@R29]). Summed together, the resultant time average force can be expressed as$$\left\langle \mathit{F} \right\rangle = \mathit{F}_{\text{loc}} + \mathit{F}_{\text{nloc}}$$

Assuming that the spatial phase of the electric field remains unchanged in the tip-sample junction, the force expression for the localized and nonlocalized force can be expressed as ([@R30])$$\mathit{F}_{\text{loc}} \propto - \frac{1}{\mathit{z}^{4}}\mathit{R}\mathit{e}\{\mathit{a}_{s}\mathit{a}_{t}^{*}\}{|\mathit{E}_{\mathit{z}}|}^{2}$$$$\mathit{F}_{\text{nloc}} \propto \mathit{I}\mathit{m}\{\mathit{a}_{t}\}{|\mathit{E}_{\mathit{x}}|}^{2}$$where α~s~ and α~t~ are the polarizabilities of the sample and tip, respectively. Here, *E*~*x*~ and *E*~*z*~ are the *x* and *z* components of the incident field. The *E*~*z*~ dependence and the 1/*z*^4^ nature of the *F*~loc~ lead to the highly localized force behavior in PiFM, which is the basis of PiFM's high spatial resolution. By expressing the polarizability as α = α′ + *i*α″, where α′ is a real part of polarizability and α″ is an imaginary part of polarizability, the localized force depends on α~s~′α~t~′ + α~s~″α~t~″. On the other hand, the nonlocalized force lacks this spatial confinement. Therefore, under tip-sample distances of tens of nanometers, the localized force is the dominant contribution to the image contrast. In the measured experiment, the localized force contribution dominates at a tip-sample distance of less than \~30 nm (discussed in Results section). The magnitude of the resulting force depends on the balance between the real and imaginary polarizabilities of the sample and tip. Depending on the tip and sample resonances, the measured force is dominated by either the α~s~′α~t~′ or the α~s~″α~t~″ term. In the mid-IR excitation measurements that follow, we used gold tips that have a large imaginary (*k*) index, emphasizing the α~s~″α~t~″ term and providing a sensitive measurement of the imaginary part of the sample's polarizability.

RESULTS
=======

Experimental setup
------------------

To demonstrate PiFM using mid-IR excitation, we probe the force generated by the molecular polarizability of BCPs. A commercial AFM microscope operated in dynamic noncontact mode with an integrated off-axis parabolic mirror is used (conceptually shown in [Fig. 1](#F1){ref-type="fig"}). The excitation source is a tunable mid-IR quantum cascade laser (QCL) with a pulse width of 30 ns and an adjustable repetition rate that is set to the difference frequency between the first and second mechanical resonances of the AFM cantilever, approximately 1.6 MHz for this study. The AFM is operated so that the second mechanical mode detects the surface topography and the first mechanical mode detects the photoinduced force. The cantilever resonances are independent eigenmodes, allowing for the topography and PiFM to be recorded simultaneously without crosstalk. The excitation laser is focused by the parabolic mirror to an elliptical spot with a size of 2λ and 2.5λ for the short axis and long axis, respectively. An average laser power of 1.0 mW is used at the sample surface.

![Schematic of IR PiFM experiment.\
The incident mid-IR laser is electrically triggered to pulse at *f*~m~ = *f*~1~ − *f*~0~, where *f*~0~ and *f*~1~ are the first and second mechanical eigenmode resonances of the cantilever. The topography of the sample is recorded by the AFM feedback system at *f*~1~, and the PiFM is concurrently recorded at *f*~0~ by the feedback laser position-sensitive detector and lock-in electronics. The sample is raster-scanned under the tip to generate the image. The incident light is polarized along the tip axis to maximize the signal coupling of the dipole-dipole force along the vertical direction of the cantilever vibration.](1501571-F1){#F1}

Isolating the photoinduced force
--------------------------------

The localized nature of the force in the PiFM measurement in the mid-IR is confirmed by tip-sample distance curves taken on a 10-nm-thick poly(styrene-*r*-epoxydicyclopentadiene methacrylate) (PS-*r*-PEDCPMA) brush prepared on Si excited with 1733 cm^−1^, a known resonance for PMMA, as shown in [Fig. 2](#F2){ref-type="fig"}. We compare the effects of exciting the cantilever by direct-drive modulation, contact resonance, and sideband modulation (the mode used to obtain the experimental results on the BCPs). The principle of direct mode is to modulate the laser intensity at the cantilever detection frequency, in our case the first mechanical resonance (*f*~m~ = *f*~0~), to probe all the photoinduced forces, both localized and nonlocalized ([@R25]). In [Fig. 2](#F2){ref-type="fig"}, the green line is the result of the direct-drive modulation. Because the localized force is attractive whereas the nonlocalized force is repulsive, the curve should show a cancellation point where *F*~loc~ + *F*~nloc~ = 0, which appears at the minimum point in the green curve around 32 nm. An offset underneath the cancellation point is due to the thermal vibrational noise of the cantilever. This can be reduced by using a high stiffness cantilever with higher mechanical resonance frequency ([@R25], [@R30]). As the tip gets closer to the sample surface, the PiFM amplitude increases due to the growing localized optical force until (around the 7-nm point in the green curve in [Fig. 2](#F2){ref-type="fig"}) the mechanical force gradient from conservative forces such as van der Waals and dissipative forces start to decrease the amplitude (via the shifting of the detection resonance frequency). When the tip comes into hard contact with the surface (defined as zero AC amplitude), the free mechanical resonance shifts to contact resonance. At this point, direct-drive PiFM at the contact resonance frequency (shown as the red curve in [Fig. 2](#F2){ref-type="fig"}) essentially measures the thermal expansion of the sample as in photothermal microscopy. The increase in contact resonance PiFM signal with increasing load is likely due to the increase in quality factor of the contact resonance, which generally grows with increasing contact force ([@R22]).

![The PiF signal and cantilever amplitude as a function of tip-sample distance on 10-nm-thick PS-*r*-PEDCPMA brush prepared on Si and excited with 1733 cm^−1^.\
The black curve is the amplitude curve of the second resonance, which probes the topography in a dynamic AFM mode. The green curve is the amplitude of the first mechanical resonance, used for probing the photoinduced force with direct-drive modulation to measure both the localized and nonlocalized forces. The blue curve is the amplitude of the first mechanical resonance, used for probing the photoinduced force with sideband modulation to measure mostly the localized force behavior. The orange curve is the amplitude at the contact resonance frequency, which measures the sample dilation once the tip is in physical contact with the surface. The three curves (blue, green, and red) are normalized by the maximum signal obtained in the sideband excitation. a.u., arbitrary unit.](1501571-F2){#F2}

Experimentally, we can maximize the localized force by modulating the laser intensity at the difference frequency between the cantilever's AFM topographic detection frequency and the PiFM detection frequency (*f*~m~ = *f*~1~ − *f*~0~), referred to as sideband modulation mode ([@R23], [@R24]). The blue curve in [Fig. 2](#F2){ref-type="fig"} is the resultant sideband curve, which mostly eliminates the constant nonlocalized force, and is thus sensitive to the localized force alone. The peak position of the PiFM amplitude with sideband modulation occurs farther away from the surface than the direct mode because the sideband signal is affected by the shift in both mechanical resonance frequencies due to the tip-sample force gradient ([@R23]). The operation in the sideband also prevents the cantilever from sensing the rapid surface dilation that occurs during the arrival of the laser pulse; instead, the cantilever only senses the time-averaged effect of surface dilation, which is much smaller than the instantaneous dilation. If we assume 1.0 mW of average laser power, the time-averaged surface dilation of PS (one constituent of the BCP) caused by direct absorption of the modulated incident IR radiation is 9.8 × 10^−4^ Å, which is too small to be recorded by the AFM. The theoretical calculation for this time-averaged sample dilation is provided in the Supplementary Materials.

Point spectra of homopolymers
-----------------------------

Sweeping the wavelength of the QCL makes it possible to generate near-field point spectra with PiFM, where the spectral peaks correspond to high PiF responses, indicating increased polarizability. We obtained point PiFM spectra from thin film samples of PS, PMMA, and P2VP \[poly(2-vinyl pyridine)\] homopolymers as controls for BCP analysis. [Figure 3](#F3){ref-type="fig"} compares the IR PiFM homopolymer spectra with FTIR spectra generated from thicker films of the same materials in the 1400- to 1800-cm^−1^ spectral range. PiFM spectral acquisition time was 50 ms per wave number step. The PiFM spectra were taken under ambient conditions and are normalized against a spectrum from a Si control sample to remove the effects of QCL power variability. Although the homopolymer films were only nominally 30 nm thick, for each polymer species we observed excellent correlation between the PiFM spectrum and the FTIR spectrum acquired from bulk polymer samples.

![PiFM and FTIR spectra of homopolymers PS, PMMA, and P2VP.\
(**A** to **C**) A comparison of PiFM-generated spectra (black lines) and FTIR spectra (red lines) of homopolymers (A) PS, (B) PMMA, and (C) P2VP. The PiFM spectrum is normalized against a Si substrate. The fine structure in the PiFM resonance peaks is due to water absorption in the laser pathway. Each PiFM spectrum was acquired in 1-cm^−1^ steps and dwelling 50 ms for each wave number.](1501571-F3){#F3}

Block copolymers
----------------

To demonstrate high spatial resolution combined with chemically specific spectral imaging, we imaged two BCPs using PiFM: PS-*b*-PMMA and PS-*b*-P2VP \[poly(styrene-*b*-2-vinyl pyridine)\]. BCPs consist of two or more immiscible polymeric segments (blocks) joined by a covalent bond. When thermally annealed or solvent-annealed, they undergo microphase separation, which generates periodic structures of lamellae, cylinders, spheres, or other structures, depending on the volume fraction of each block. The pattern period *L*~0~ depends on the degree of polymerization and the Flory-Huggins interaction parameter χ of the copolymer ([@R31]). PS-*b*-PMMA is of interest for applications in next-generation lithography for semiconductors ([@R32], [@R33]) and patterned magnetic media ([@R34], [@R35]) because of its ability to easily form periodic lamellae perpendicular to the substrate by a simple thermal annealing process. In the absence of guiding, such lamellae form "fingerprint" structures of periodic wandering lines of alternating PS and PMMA. Highly ordered periodic structures, such as lamellae forming parallel lines over large areas, can be produced by directed self-assembly (DSA) of BCPs with graphoepitaxial ([@R36]) or chemoepitaxial ([@R37]) guiding, whereby self-assembled lamellae form patterns commensurate with underlying guiding structures.

Chemical imaging of PS-*b*-PMMA fingerprint patterns
----------------------------------------------------

A lamellae-forming PS-*b*-PMMA film with a thickness of approximately 30 nm on a random PS-*r*-PEDCPMA copolymer underlayer yielded a PiFM image of fingerprint lamellae with a natural period (*L*~0~) of 40 nm. The period was verified by Fourier transform analysis of scanning electron microscopy (SEM) images of the fingerprint patterns. To image the PS (or PMMA) component, we tuned the excitation laser to one of its absorption bands at 1492 cm^−1^ (or 1733 cm^−1^). The scan speed was 0.8 line/s at 256 × 256 pixels for a resulting pixel dwell time of 1.6 ms. The signal integration time is more than three orders of magnitude shorter than a comparable TERS technique ([@R18]). In [Fig. 4](#F4){ref-type="fig"}, PiFM selectively images the PS and PMMA polymer domains showing the predicted periodicity, including the ability to resolve a small bridge defect, measured to be only \~7 nm wide. The tall contaminant in the topography image is not visible in both PiFM images, indicating that it is a foreign matter. The PiFM response has nonzero values even in regions where unexcited polymer components should be. The nonzero signal comprises the neighboring polymer component due to the tip radius (specified to be less than 50 nm), which is expected to span the pitch of the BCP.

![Chemically selective PiFM imaging of PS-*b*-PMMA.\
(**A** to **E**) Fingerprint regions of PS-*b*-PMMA observed by PiFM at 1492 cm^−1^ (A and D) and 1733 cm^−1^ (B and E) corresponding to the absorption bands for PS and PMMA, respectively. The topography (C) and PiFM (A or B) signal are obtained simultaneously. (D and E) PiFM resolves the expected \~20-nm-wide domains of the self-assembled BCP with a spatial resolution of \<10 nm. (**F**) Normalized point spectra show contributions from the convolution of multiple lamellae due to the tip diameter.](1501571-F4){#F4}

To demonstrate nanoscale point spectroscopy, we generated a 150 × 150--nm (64 × 64 pixels) PiFM image using a wavelength that highlights the PS domains at a scan rate of 0.8 line/s, and then took two point spectra, one each over a lamellar domain of PS and PMMA (see [Fig. 4F](#F4){ref-type="fig"}). Each spectrum was acquired by stepping the wave number by 1 cm^−1^ every 50 ms, for a total of 18 s per spectrum. The spectra are normalized by a PiF spectrum that was acquired on a bare silicon substrate. As expected, when the spectrum is taken with the tip on top of PS (point B and orange curve in [Fig. 4F](#F4){ref-type="fig"}), the two peaks associated with PS at 1452 and 1492 cm^−1^ are clearly observed. Likewise, when the tip is fixed on top of PMMA, the spectrum shows the PMMA peak at 1773 cm^−1^.

Chemical imaging of PS-*b*-P2VP fingerprint patterns
----------------------------------------------------

Imaging of a second lamellar BCP, PS-*b*-P2VP with *L*~0~ = 45 nm, provides a demonstration of PiFM's novel analytical and diagnostic capability on a more complex sample containing separate regions of unguided fingerprint patterns and parallel line patterns formed by DSA. For this sample, chemical contrast guiding and solvent annealing were used ([@R38]). It is common practice to selectively stain the P2VP domain to achieve sufficient EM contrast; with PiFM, no additives or modification of the sample is required. The fingerprint region ([Fig. 5](#F5){ref-type="fig"}) was formed over the region of the substrate, consisting solely of an underlayer of PS-*r*-P2VP brush, a neutral surface, which promotes self-assembly of perpendicular lamellae but provides no in-plane guiding. PiFM images were acquired at 0.8 lines/s over a 500 × 500--nm area with 256 × 256 pixels at several different wave numbers: 1447 cm^−1^, 1452 cm^−1^ (PS), 1469 cm^−1^ (P2VP), 1492 cm^−1^ (PS), and 1589 cm^−1^ (P2VP). These wave numbers were chosen on the basis of point spectra taken at locations over PS and P2VP domains (see [Fig. 5E](#F5){ref-type="fig"}), as well as over an unknown nodule seen in a topographic image of the region. The image in [Fig. 5A](#F5){ref-type="fig"} was taken at 1447 cm^−1^, which highlighted the unknown nodules. The images in [Fig. 5](#F5){ref-type="fig"}, B and D (based on peaks associated with PS; see [Fig. 3A](#F3){ref-type="fig"}), clearly show PS domains with some subtle differences between them (especially around contaminants). Similarly, the images in [Fig. 5](#F5){ref-type="fig"}, C and E (based on peaks associated with P2VP; see [Fig. 3C](#F3){ref-type="fig"}), show the P2VP domains, clearly demonstrating the complementary placements of P2VP domains with respect to PS domains. Unlike PS, the two peaks associated with P2VP domains do not seem to be significantly affected by the contaminants.

![Fingerprint region of PS-*b*-P2VP.\
(**A** to **E**) PiFM imaging at (A) 1447 cm^−1^, (B) 1452 cm^−1^, (C) 1469 cm^−1^, (D) 1492 cm^−1^, and (E) 1589 cm^−1^. The PiFM point spectra taken from the locations shown in (E) were normalized against a Si background. The different spectral response (green curve) of one of the three nodules clearly visible in (A) suggests that a material other than PS and P2VP may be present.](1501571-F5){#F5}

Chemical imaging of PS-*b*-P2VP line patterns created by DSA
------------------------------------------------------------

[Figure 6](#F6){ref-type="fig"} shows the DSA region of the PS-*b*-P2VP sample. The guiding patterns under the BCP film in this region consist of periodic straight lines of cross-linked polystyrene (XPS) mat at the 90-nm pitch, with PS-*r*-P2VP brush filling the regions between the XPS lines. During annealing, PS domains of the BCP preferentially align over the XPS lines, whereas the brush areas are nonpreferential. The resulting DSA pattern is an array of the 45-nm pitch (the *L*~0~ of the BCP) alternating PS and P2VP lamellar domains commensurate with the underlying 90-nm pitch guiding pattern, with every other PS line directly over an underlying XPS line. The PiFM images of 500 × 500 nm (256 × 256 pixels) were scanned at 0.8 line/s, using 1492 cm^−1^ to highlight the PS ([Fig. 6A](#F6){ref-type="fig"}) and 1589 cm^−1^ to highlight P2VP ([Fig. 6C](#F6){ref-type="fig"}) domains. The PiFM and topographic images clearly distinguish the domains of the BCP as well as the underlying guiding pattern. The 45-nm pitch of the BCP is prominent in the PiFM images, which highlight the PS and P2VP domains ([Fig. 6](#F6){ref-type="fig"}, A and C). On the other hand, the topographic images ([Fig. 6](#F6){ref-type="fig"}, B and D) show both the 45-nm pitch of the BCP and the 90-nm pitch arising from the XPS guiding lines, with every other line slightly brighter, indicating taller features.

![DSA region of PS-*b*-P2VP.\
(**A** to **D**) PiFM images at (A) 1492 cm^−1^ and (C) 1589 cm^−1^ selectively image PS and P2VP domains, respectively. Topographic images (B) and (D) were taken simultaneously with images (A) and (C), respectively. Black lines at the bottom of (A) and (B) indicate where PiFM responds to PS lines, whereas white lines at the bottom of (C) and (D) indicate the location of P2VP lines. These colored indicators show that PS domains in the BCP lie directly on the top of topographic ridges, which are attributed to the known topography of XPS lines in the underlying guiding pattern. (**E**) Fabrication steps for the DSA of PS-*b*-P2VP (details are discussed in Materials and Methods). EUV-IL, extreme ultraviolet interference lithography.](1501571-F6){#F6}

The PiFM image of P2VP ([Fig. 6C](#F6){ref-type="fig"}) shows short sections along the P2VP lines with increased PiF response that correlate with defects in the topography images. This correlation suggests that the defects are additional amounts of P2VP sitting on the top surface. However, the presence of irregular topographic features that are not reflected in either of the PiFM images also hints at the presence of foreign contaminants.

DISCUSSION
==========

The ability of combined PiFM and topographic imaging to show the registration of BCP patterns with underlying guiding patterns provides a useful analytical tool for developing and troubleshooting DSA processes for lithographic applications. PiFM also provides analytical information for contaminants and unexpected structures, providing insight for process improvement and defect reduction.

PiFM will likely find additional applications for BCP materials and process development. As discussed, the capability to image different domain components without infiltration or staining techniques will allow exploration of other potential BCP systems and gain better understanding of domain shape and boundary profiles. PiFM is also expected to help in identifying the existence and chemistry of top-wetting layers in BCPs that exhibit a preferential wetting layer at the film-air interface ([@R39]). Wetting preferences at both the bottom and top interfaces could also be elucidated by combining the material identification capability of PiFM with the height profiles of topographic AFM in the so-called "island-hole" experiments used to determine wetting properties at both the substrate and top interfaces ([@R40], [@R41]). The potential applications of PiFM in DSA can be extended to the characterization and imaging of the chemical contrast patterns ([@R38]) (that is, polymer mats and brushes), which are also often difficult to image with conventional EM because these patterns are usually only a few nanometers thin and do not show much height or density contrast.

As noted above, the remarkably high signal-to-noise ratio of PiFM provides for rapid imaging. We were able to image the PS block component (at 1492 cm^−1^) in our PS-*b*-P2VP sample at line speeds of up to 20 Hz without the loss of spatial resolution. At this scanning rate, an image can be acquired in 6 to 12 s depending on the pixel density, potentially enabling real-time observation of dynamic BCP processes such as pattern coarsening, defect annihilation ([@R42], [@R43]), and progression of thermal or solvent annealing ([@R44]).

Although the examples discussed here are specific to BCP materials and processes, similar imaging and metrology needs arise in a wide variety of chemically heterogeneous materials systems, with wide technological applications. The rapid advances in nanotechnology require new analytical techniques to characterize both morphology and chemistry of newly synthesized nanomaterials with high sensitivity and spatial resolution. By enabling imaging at the nanometer scale with chemical specificity, nondestructively, and without additives or labeling, PiFM provides a powerful new analytical method for deepening our understanding of nanomaterials and facilitating technological applications of such materials. In movie S1, we demonstrate PiFM hyperspectral imaging, which highlights an advanced ability to find objects of interest, boundary interfaces, and defect analysis via chemical analysis. Work is in progress to demonstrate mid-IR PiFM on other nanostructure systems for materials science and biological applications.

MATERIALS AND METHODS
=====================

PS-*r*-PEDCPMA
--------------

PS-*r*-PEDCPMA random copolymer was used as a brush layer. PS-*r*-PEDCPMA was synthesized by traditional free-radical polymerization in methyl ethyl ketone, using 2,2′-azobis(2-methylpropionitrile) initiator as described elsewhere ([@R32]). Using a styrene/epoxydicyclopentadiene methacrylate feed ratio of 75:25, the polymer had a molecular weight of *M*~n~ = 4.8 kg/mol and *M*~w~/*M*~n~ = 1.50. For casting onto silicon, we prepared a 1 wt % solution of PS-*r*-PEDCPMA combined with an *N*-(trifluoromethylsulfonoxy) phthalimide thermal acid generator (10 wt % relative to polymer) in propylene glycol methyl ether acetate (PGMEA). A silicon substrate was then spin-coated with a 20-nm-thick brush layer that was cross-linked by baking at 220°C for 5 min. After baking, any excess of brush material was removed using a PGMEA rinse step, resulting in a 6-nm-thick layer.

Homopolymers
------------

PS, isotactic PMMA, and P2VP homopolymers were purchased from Polymer Source Inc. and used as received. The PS homopolymer has a molecular weight of *M*~n~ = 22.5 kg/mol and *M*~w~/*M*~n~ = 1.06. The PMMA homopolymer has a molecular weight of *M*~n~ = 15.6 kg/mol and *M*~w~/*M*~n~ = 1.09, and P2VP homopolymer has a molecular weight of *M*~n~ = 97 kg/mol and *M*~w~/*M*~n~ = 1.08. All homopolymers were spin-coated onto silicon substrates from a 1 wt % solution in PGMEA, resulting in a film thickness of 27 nm (PS), 27 nm (PVP), and 30 nm (PMMA).

PS-*b*-PMMA
-----------

The lamellae-forming BCP PS-*b*-PMMA used in this study was purchased from Polymer Source Inc. and used as received. The molecular weight and composition, as measured by size-exclusion chromatography and ^1^H-NMR (nuclear magnetic resonance) spectroscopy, is *M*~n~(PS) = 33 kg/mol and *M*~n~(PMMA) = 33 kg/mol with *M*~w~/*M*~n~ = 1.09. For the orientation control of the lamellae, with respect to the substrate, we used the same procedure for the PS-*r*-PEDCPMA brush method, as described above. After preparation of the underlayer, a film of PS-*b*-PMMA was deposited onto the sample by spin-coating of a 1 wt % solution in PGMEA and subsequent thermal annealing at 200°C for 5 min. After thermal annealing, the BCP film thickness was approximately 30 nm.

PS-*b*-P2VP
-----------

The first step involved the creation of chemical contrast guiding patterns following the Liu-Nealey (LiNe) process ([@R38]), illustrated in [Fig. 6E](#F6){ref-type="fig"}. A silicon substrate was coated with an XPS mat, with an approximate thickness of 7 nm. The XPS mat was, in turn, coated with PMMA photoresist and patterned using an extreme ultraviolet interference lithography system at the University of Wisconsin to create guiding line patterns at the 90-nm pitch (approximately twice the expected BCP pattern pitch) in rectangular areas. The PMMA pattern was transferred to the XPS mat via O~2~ reactive ion etch, with etching parameters adjusted to overetch the line pattern to create a low duty cycle (less than 50% XPS line; more than 50% exposed substrate surface). The remaining PMMA was stripped, leaving the XPS line patterns. The exposed substrate surface was then backfilled with random PS-*r*-P2VP brush (containing 50% styrene and hydroxyl functional groups) with a thickness of approximately 3 to 5 nm. The resulting pattern of XPS lines with a PS-*r*-P2VP brush background served as the chemical contrast-guiding pattern for subsequent DSA of PS-*b*-P2VP. After the preparation of the guiding patterns, a film of PS-*b*-P2VP (*M*~n~ = 40.5-*b*-40.0 kg/mol) BCP dissolved in dimethylfuran was deposited on the sample by spin coating. After solvent evaporation, the BCP film thickness was approximately 30 nm. The sample was solvent-annealed for a few hours in acetone vapor in a closed container at room temperature. Phase separation and formation of lamellar patterns occurred during the annealing process; these patterns remained stable after removal from the annealing container and evaporation of solvent from the sample.

The PS-*b*-P2VP sample used in this study had been prepared for a different purpose several years before this work. At the time of its preparation, it was stained by exposure to iodine vapor, which enabled SEM imaging (iodine is absorbed preferentially into the P2VP phase of the BCP, providing some minimal contrast for imaging). However, iodine staining is not stable over a period of years, so the iodine is expected to have evaporated, leaving the sample with no significant amount of iodine at the time of the experiments reported here. The SEM studies performed at the time of sample preparation confirmed the formation of the expected lamellar patterns, and cross-sectional SEM images indicated that no wetting layer was present on the top surface of the BCP film; vertical lamellae extend to the top surface.

FTIR spectra
------------

The bulk IR measurements were done using a Thermo Nicolet NEXUS 670 FTIR instrument with a resolution of 2 cm^−1^, a spectral range from 350 to 4000 cm^−1^, and 64 scans for each sample. The spectral resolution of the spectrometer is 0.125 cm^−1^, and it is continuously purged with dry, CO~2~-free air. We used a deuterated triglycine sulfate with KBr detector and a KBr beam splitter. Before the measurements, thick films (500 nm) of the homopolymers were prepared on thin silicon wafers and measured in transmission. A blank wafer was used for background measurement.

PiFM measurements
-----------------

A VistaScope microscope from Molecular Vista Inc. was coupled to a LaserTune QCL product with a wave number resolution of 0.5 cm^−1^ and a tuning range from 800 to 1800 cm^−1^ from Block Engineering. The microscope was operated in dynamic mode, with NCH-Au 300 kHz noncontact cantilevers from Nanosensors.

Contact resonance measurement
-----------------------------

The microscope was operated in contact mode, the DC component of the measurement was used for topographical tracking, and the AC component of the resonance was monitored by a lock-in at the contact resonance. Using PPP-FMAu 60-kHz cantilevers, we determined the contact resonance to be 262 kHz for the particular cantilever used during the experiment.
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Fig. S1. Schematic for thermal calculation: A gold-coated probe with end radius *a* in the vicinity of PS on a silicon substrate.

Movie S1. Demonstration of hyperspectral photoinduced force imaging on a BCP composed of P2VP and PS.
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